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teins (GAPs). The active and inactive states of Rac canBaltimore, Maryland 21205
be mimicked experimentally by introducing mutations
at specific sites in the protein. Substitution of a Val for
Gly at residue 12 or Leu for Gln at residue 61 producesSummary
a constitutively active (CA) form of Rac that is incapable
of GTP hydrolysis. A dominant-negative (DN) version ofBorder cell migration in the Drosophila ovary is a rela-
Rac can be created by the substitution of Asn for Thrtively simple and genetically tractable model for study-
at amino acid 17 (RacN17). RacN17 competes with en-ing the conversion of epithelial cells to migratory cells.
dogenous Rac for binding to GEFs and hence there isLike many cell migrations, border cell migration is in-
little free GEF to allow for exchange of GTP on thehibited by a dominant-negative form of the GTPase
endogenous Rac protein (Bishop and Hall, 2000).Rac. To identify new genes that function in Rac-depen-
Numerous Rac effector proteins that bind specificallydent cell motility, we screened for genes that when
to Rac-GTP have been identified. Some effectors, suchoverexpressed suppressed the migration defect caused
as Par-6, mediate cell polarization and adhesion (Nodaby dominant-negative Rac. Overexpression of the Dro-
et al., 2001; Qiu et al., 2000). However, most of thesophila inhibitor of apoptosis 1 (DIAP1), which is en-
effectors discovered thus far regulate actin rearrange-coded by the thread (th) gene, suppressed the migra-
ment (Aspenstrom, 1999; Bishop and Hall, 2000). Thetion defect. Moreover, loss-of-function mutations in
best characterized link between small GTPases and ac-th caused migration defects but, surprisingly, did not
tin polymerization is binding of the Rho family GTPasecause apoptosis. Mutations affecting the Dark protein,
Cdc42 to WASP, which acts on Arp 2/3 to regulatean activator of the upstream caspase Dronc, also res-
branched actin filament growth (Bishop and Hall, 2000;cued RacN17 migration defects. These results indicate
Schmitz et al., 2000). In addition, some proteins withan apoptosis-independent role for DIAP1-mediated
formin homology (FH) domains bind Rac independentDronc inhibition in Rac-mediated cell motility.
of GDP or GTP, through the C-terminal polybasic do-
main. The yeast FH protein Bni1p has been shown to
Introduction stimulate unbranched actin filament elongation in vitro,
an activity that is enhanced by profilin (Pring et al., 2003;
The ability of stationary epithelial cells to acquire migra- Pruyne et al., 2002; Sagot et al., 2002a). However, our
tory and invasive behavior is essential for normal embry- understanding of the biochemical pathways down-
onic development and wound healing. However, un- stream of Rac that regulate cell migration in vivo is in-
wanted cell migration events can result in inflammation complete.
or tumor metastasis. In order to become motile, epithe- The function of Rac in vivo has been investigated
lial cells must detach from their neighbors and reorga- in Drosophila and in C. elegans (Settleman, 1999). In
nize the cytoskeleton (Feldner and Brandt, 2002; Lauf- Drosophila, Rac is required for dorsal closure, myoblast
fenburger and Horwitz, 1996). Identifying the genes fusion, axon guidance, and border cell migration
involved in cell migration is crucial for a better under- (Hakeda-Suzuki et al., 2002; Harden et al., 1995; Luo et
standing of normal development as well as the changes al., 1994; Murphy and Montell, 1996; Ng et al., 2002). We
that lead to detrimental migrations. are particularly interested in the genes and mechanisms
In migratory cells, members of the Rho family of involved in the process of border cell migration during
GTPases are important links between extracellular sig- Drosophila oogenesis, which provides a simple model
naling and intracellular responses and regulate a wide to study how cells that originate within an epithelial
variety of cellular processes (Bishop and Hall, 2000; monolayer subsequently become migratory (Montell,
Etienne-Manneville and Hall, 2002; Schmitz et al., 2000). 2003). Each egg chamber consists of 16 germline cells
These proteins have been implicated in the regulation of (1 oocyte and 15 nurse cells) surrounded by an epithelial
cell survival, vesicle trafficking, changes in transcription, monolayer of follicle cells. Two specialized follicle cells,
cell growth control, and cell adhesion, in addition to their termed polar cells, form at both the anterior and poste-
well-established role in regulating actin organization. rior ends of the egg chamber. The anterior polar cells
Precisely which of the many downstream effects of Rac recruit 6–8 neighboring cells to become the border cell
on cells is most relevant to cell migration has not been cluster (Silver and Montell, 2001). These cells migrate
addressed in vivo. in between the nurse cells until they arrive at the border
Rac activity is regulated by GTP binding and hydroly- between the oocyte and nurse cell cluster.
sis (Aspenstrom, 1999). When bound to GTP, Rac is Border cell migration can be disrupted by interfering
active and capable of binding to effector proteins that with the expression or function of specific proteins in-
cluding Rac. Expression of dominant-negative Rac
(RacN17) in border cells inhibits border cell migration*Correspondence: dmontell@jhmi.edu
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(Murphy and Montell, 1996). In order to identify proteins the border cell migration defects caused by dominant-
negative Rac (Figure 1H). The EP screen utilizes a Pthat function in the Rac pathway to control cell migration
in vivo, we performed a screen for genes that when element that contains multiple Gal4 binding sites engi-
neered upstream of a basal promoter (Rorth, 1998). Aoverexpressed suppress the RacN17 border cell migra-
tion defect. collection of 2300 EP insertions was used, in which the
elements are inserted at random in the genome thus
rendering transcription of various genes susceptible toResults
regulation by the transcription factor Gal4. When
crossed to a fly line that contains the Gal4 protein ex-Rac Loss-of-function Mutations Prevent Border
pressed in cells of interest, the tissue-specific Gal4Cell Migration
binds to the UAS sites, resulting in overexpression and/Normal border cell migration is shown schematically in
or misexpression of the gene(s) downstream of the PFigure 1A. Border cells initiate migration during stage 9
element. In this screen, we crossed flies containing theand complete migration by stage 10. Using the GAL4/
slbo-Gal4 and UAS-RacN17 transgenes to stocks fromUAS system (Brand and Perrimon, 1993), overexpres-
the public EP collection. We compared fertility in thesion of the wild-type form of Rac (RacWT) in border cells
female progeny of this cross to that of females express-under the control of slbo enhancers (slbo-Gal4) at 25C
ing slbo-Gal4; UAS-RacN17 alone. Those EP lines thatdid not alter migration (Figure 1B). Rac protein can be
showed significant rescue of fertility were then exam-seen in the border cells as they migrate through the
ined further by dissecting ovaries, and staining withnurse cell cluster. By stage 10, expression is also ob-
DAPI and rhodamine-phalloidin, to assess border cellserved in centripetal cells and posterior follicle cells
migration directly. A migration index (MI), which is an(Figure 1B). In contrast, slbo-Gal4-driven expression of
average of the extent of migration for all stage10 eggUAS-RacN17 results in migration defects in greater than
chambers examined, was calculated for each genotype95% of stage 10 egg chambers (Figure 1C). Expression
(Figure 1I). An MI of 0 indicates a complete failure ofof RacV12 results in equally severe migration defects
migration whereas an MI of 100 represents normal mi-(Duchek et al., 2001) (Figure 1D).
gration. The MI of slbo-Gal4;UAS-RacN17 was 3 (FigureTo confirm that expressing a dominant-negative ver-
2A). EP insertions that resulted in an MI  20 weresion of Rac accurately reflects the loss-of-function phe-
studied further.notype, we examined mosaic clones mutant for Rac.
There are three Drosophila Rac genes, Rac1, Rac2, and
Mtl. Border cell clusters containing some cells that Rescue of RacN17 Migration Defects by Actin5C
and DIAP1lacked Rac1 and Rac2, and heterozygous for Mtl, show
impaired migration (Figures 1E–1G). Accumulation of Overexpressing UAS-mCD8-GFP or UAS-slbo, neither
of which is involved in Rac-mediated border cell migra-profilin (Figure 1F), F-actin, and Armadillo (not shown)
was normal in the mutant cells. In every case in which tion, did not suppress the RacN17 migration defect sig-
nificantly (Figure 2A), nor did most of the lines tested inall border cells were homozygous mutant, migration was
defective (n  20). the screen. Overexpression of wild-type Rac protein, as
expected, rescued the RacN17 migration defect. Sev-We tested several genes known to be required for
normal border cell migration for the ability to modify enty-two percent of the egg chambers examined had
border cell clusters that migrated more than 25% of thethe RacN17 defect. Overexpression of the transcription
factor SLBO or its downstream target, E-Cadherin, failed normal distance, with an overall MI of 61. In addition,
expression of Trio, a RacGEF, resulted in significantto ameliorate RacN17 border cell migration defects to
any measurable extent (Figure 2A and not shown). Con- rescue (MI  43).
Of the 2273 EP insertion lines screened, 29 producedsistent with this, expression of RacN17 did not affect
transcription of the -gal reporter gene in enhancer trap an MI greater than 20. One of these, EP(X)1604 (MI 
39), was located immediately upstream of the actin5Clines PZ1310 (slbo) or PZ6356 (Supplemental Figure S1
at http://www.cell.com/cgi/content/full/118/1/111/ gene and led to overexpression of this gene in a Gal4-
dependent manner (data not shown). An enhancer trapDC1). Furthermore, staining for F-actin, profilin, DE-cadh-
erin, -catenin, FAK, and myosin VI were all normal in insertion into the actin5C locus showed expression in
all cells, including border cells (Supplemental Figure S2border cells expressing RacN17 or RacV12 (Supplemen-
tal Figure S1 on the Cell website). The receptor tyrosine online). In addition, border cell clones homozygous mu-
tant for actin5C showed border cell migration defectskinase PVR and the Rac exchange factor encoded by
the myoblast city (mbc) locus have been implicated up- (Supplemental Figure S2). These findings support the
idea that at least one of the functions of Rac in borderstream of Rac in border cell migration (Duchek et al.,
2001); however, no gene has yet been identified to func- cells is to regulate the actin cytoskeleton.
Two additional EP lines, EP(3)3308 and EP(3)3279,tion downstream of Rac in this process. Moreover, some
genes that are required for Rac signaling in axon guid- suppressed the RacN17 phenotype with migration indi-
ces of 34 and 28, respectively. EP(3)3308 and EP(3)3279ance and/or dorsal closure (PAK, trio, dock) were not
required for border cell migration (data not shown). are located within the th locus (Figure 2B) and result in
Gal4-dependent overexpression of the th gene (Supple-To identify genes that function in the Rac pathway in
border cell migration, we undertook a screen for sup- mental Figure S3). To confirm that suppression of the
migration defect was due to overexpression of DIAP1,pressors of the RacN17 migration defect. We employed
a so-called enhancer/promoter (EP) screen to search UAS-Diap1 transgenic flies were crossed to slbo-Gal4;
UAS-RacN17 flies. Overexpression of UAS-DIAP1 alsofor genes that, when overexpressed, could suppress
DIAP1 and Dronc in Rac-Mediated Cell Migration
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Figure 1. Rac Phenotype in Border Cell Migration
(A) Schematic drawings of egg chambers. Nurse cells (nc), oocyte (o), centripetal cells (cc), posterior follicle cells (pfc), and border cells (red)
are indicated.
(B) Low magnification views of RacWT protein overexpressed by slbo-Gal4 and detected with anti-Rac antibody staining. Scale bar, 50 m.
(C) RacN17 protein overexpressed using slbo-Gal4 and detected with anti-Rac antibody in a stage 10 egg chamber. Inset shows slbo-Gal4-
mediated expression of GFP in border cells (bc) and not polar cells (pc). Fas III protein (red) is expressed between the two polar cells.
(D) Stage 10 egg chamber of the genotype slbo-Gal4/; UAS-RacV12/ stained with rhodamine-phalloidin.
(E–G) Border cell migration defect in a stage 10 egg chamber with the following genotype: hs-flp/; Rac1J10, Rac2, FRT80B, Mtl/FRT80B,
GFP (nls).
(E	–G	) High magnification views of the same border cell cluster, which contains a mixture of GFP-positive and GFP-negative cells. (E and
E	) Absence of GFP indicates homozygous mutant cells. (F and F	) Anti-profilin antibody staining. (G and G	) Merge of GFP and anti-profilin
staining. Scale bar, 10 m.
(H) Schematic of EP screen design. Flies containing slbo-Gal4, UAS-RacN17 were crossed to 2300 EP lines containing Gal4 binding sites
capable of mis/overexpressing downstream genes. Egg chambers were dissected and examined for rescue of border cell migration.
(I) Rescue of border cell migration was quantified using a migration index (MI), which is defined as the average extent of border cell migration
for all stage 10 egg chambers examined as a percentage of wild-type. Border cell clusters are indicated by arrows. The extent of outer follicle
cell rearrangement is indicated by arrowheads.
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Figure 2. Rescue of RacN17 Border Cell Migration by Overexpression of DIAP1
(A) Quantification of border cell migration following overexpression of the indicated genes in a slbo-Gal4; UAS-RacN17 background. The
migration index (MI) and number of egg chambers examined (n) are also shown.
(B) Genomic organization of the th locus. Two EP lines from the screen are found near the second transcription start site. The enhancer trap
line l(3)j5C8 is inserted into the same position as EP(3)3308.
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suppressed the RacN17 phenotype, as did the related epithelial cells (Figures 3D–3F), specifically at the junc-
gene, DIAP2 (Figure 2A). tions between cells (Figures 3G–3I). DIAP is expressed
To address the specificity of DIAP1 rescue of RacN17 in border cells (Figures 3A and 3C); however, no specific
migration defects, we tested the ability of DIAP1 to res- subcellular localization could be discerned. Interest-
cue border cell migration in a variety of mutant back- ingly, when the wild-type form of Rac was overex-
grounds. Overexpression of DIAP1 did not rescue slbo pressed using slbo-Gal4, an increase in anti-DIAP1
mutant migration defects (Supplemental Figure S4), nor staining was observed in the Gal4-expressing cells (Fig-
did it rescue the migration defects caused by expression ures 3J, 3J	, 3K, and 3K	), as well as an increase in F-actin
of constitutively active Ras or Rac (RasV12 and RacV12) (Figures 3L, 3L	, 3M, and 3M	). However, there was no
(Supplemental Figure S4), ruling out a nonspecific effect decrease in DIAP1 expression in cells expressing
on small GTPases. RacN17 (data not shown).
Since Rac has been shown to function downstream To determine the normal functions of th in oogenesis,
of the guidance receptor PVR (Duchek et al., 2001), we viable combinations of hypomorphic th alleles and mo-
tested whether overexpression of DIAP1 rescued migra- saic clones of homozygous lethal th alleles were ana-
tion defects due to expression of dominant-negative lyzed (Figure 4A). Examination of th mutants showed a
PVR. DN-PVR causes a mild migration defect when ex- range of phenotypes that did not include excess cell
pressed with slbo-Gal4, such that approximately 20% death. A summary of the phenotypes seen in viable
of stage 10 egg chambers show incomplete migration th mutants is shown in Figure 4B. These included egg
(Duchek et al., 2001) (Figure 2C). Addition of UAS-DIAP1 chamber polarity defects, extra nurse cells, and follicle
to this background reduced the incidence of migration cell defects, such as extra follicle cells. Several combi-
defects to less than 10%, whereas UAS-mCD8-GFP did nations of alleles produced border cell migration defects
not (Figure 2C). in 10%–15% of stage 10 egg chambers (Figures 4B and
Rac is also required for epithelial sheet migration dur- 4C). Border cell defects were also observed in mosaic
ing dorsal closure (Harden et al., 1995). Embryonic ex- clones of the P element insertion allele l(3)j5C8 (Figures
pression of RacN17 in the leading edge using 69B-Gal4 4E and 4E	). In addition, in large clones within the follicle
or pnr-Gal4 resulted in a failure of dorsal closure and
cell epithelium (Figure 4F), multinucleated cells were
lethality (Figures 2D–2G). Overexpression of DIAP1 res-
observed (Figure 4F	), possibly due to defective cytoki-
cued the RacN17 cuticle phenotype and reduced lethal-
nesis. Such clones also labeled poorly with rhodamine
ity (Figures 2D–2G), whereas overexpression of GFP
phalloidin compared to control clones (Figures 4G anddid not.
4H), suggesting a reduction in F-actin content or organi-To test whether overexpression of DIAP1 generally
zation. Perhaps as a consequence of the reduction insuppressed all RacN17 phenotypes, we tested for res-
F-actin, a number of actin binding proteins such as en-cue of myoblast fusion. RacN17 causes dramatic de-
abled, cortactin, and profilin showed variable and re-fects in myoblast fusion (Luo et al., 1994); these defects
duced expression in thread mutant cells (data notare also observed in Rac loss-of-function mutants
shown). In contrast, other proteins such as DE-cadherin(Hakeda-Suzuki et al., 2002). However, no rescue of
and myosin VI were unchanged (data not shown).these defects was observed following overexpression
To investigate which domains of the DIAP1 proteinof DIAP1 (Figures 2D and 2E), demonstrating that DIAP1
were required for the cell migration function, we carriedfunctions specifically in some Rac-dependent pro-
out mosaic analysis using mutant alleles that affect dif-cesses but not others.
ferent domains and are known to produce stable pro-
teins. The th21-2s mutation changes a proline at aminoExpression and Function of DIAP1 in the Ovary
acid 105 in the BIR1 domain to a serine and is homozy-The Drosophila inhibitor of apoptosis (DIAP1), as the
gous lethal. The th5 allele contains a stop codon withinname suggests, is an antiapoptotic protein. It is part of
the BIR2 domain and th4 causes a histidine to tyrosinea family of proteins that are evolutionarily conserved
change within BIR2. Border cells homozygous for eitherfrom yeast to mammals. DIAP1 contains two BIR (bacu-
th21-2s, th5, or th4 failed to migrate (Figure 4D). The th6Bloviral inhibitor of apoptosis repeat) domains, which are
allele alters one of the key cysteine residues within therequired for its antiapoptotic function. To determine the
RING domain; however, no border cell migration defectsexpression pattern of DIAP1, we stained egg chambers
were observed in mosaic clones for this allele (Figurewith anti-DIAP1 antibodies. Like the enhancer trap ex-
4D), nor did this allele enhance or suppress border cellpression (Figure 3A), expression of DIAP1 protein was
migration defects due to RacN17 (data not shown).ubiquitous during stages 9 and 10 of oogenesis (Figures
These results indicate that both BIR domains are impor-3B and 3C), as it is at other stages of the lifecycle (Yoo
tant for the cell migration function of DIAP1 whereaset al., 2002). At high magnification, DIAP1 appeared to
accumulate to highest levels along the lateral edges of the RING domain appears to be dispensable.
(C) Quantification of border cell migration following expression of dominant-negative PVR, alone or in combination with GFP [() UAS-mCD8-
GFP] or in combination with DIAP1 [()UAS-DIAP1]. n 150 for each genotype examined.
(D) Effects of overexpression of DIAP1 on RacN17-mediated dorsal closure and myoblast fusion.
(E) Quantification of embryonic lethality and dorsal hole phenotypes following overexpression of DIAP1 in 69B-Gal4; UAS-RacN17 and pnr-
Gal4;UAS-RacN17 backgrounds.
(F and G) Cuticle preparations from 69B-Gal4;UAS-RacN17 embryos in the absence (F) or presence (G) of UAS-DIAP1.
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Figure 3. DIAP1 Expression in the Ovary
(A) A stage 10 egg chamber stained for
-galactosidase activity from the thread en-
hancer trap insertion l(3)jC58. The arrow indi-
cates the border cells.
(B and C) Anti-DIAP1 staining of an early
stage 9 (B) and a stage 10 (C) egg chamber.
Scale bar, 50 m.
(D–F) Side view of outer follicle cells that sur-
round the oocyte in a stage 10 egg chamber
stained with rhodamine-phalloidin (D) and
anti-DIAP1 (E). The merge is shown in (F).
(G–I) Basal view of outer follicle cells in a
stage 10 egg chamber stained with rhoda-
mine-phalloidin (G), anti-DIAP (H). The merge
is shown in (I). Scale bar, 10 m.
(J–M	) Comparison of anti-DIAP1 (J, J’, K, K’)
and rhodamine-phalloidin (L, L	, M, and M	)
staining in wild-type (J, J	, L, and L	) and slbo-
GAL4;UAS-RacWT (K, K	, M, and M	) stage
10 egg chambers. High magnification views
of the boxed areas indicated in (J), (K), (L),
and (M) are shown in (J	), (K	), (L	), and (M	).
Effects of Profilin on Rac-Mediated Border showed border cell migration defects in approximately
14% of egg chambers (Figure 5B). Egg chambers fromCell Migration
The reduction in F-actin in th mutant cells and the ability females mutant for either chic or th exhibit other pheno-
typic similarities, including germline cytokinesis defectsof overexpression of actin5C or DIAP1 to suppress the
RacN17 migration defect suggested that DIAP1 might be (data not shown).
In addition, we found that chic and th showed a dra-involved in Rac-dependent actin polymerization. Actin
polymerization is dependent upon the availability of a matic dosage-sensitive genetic interaction. The fre-
quency of border cell migration defects rose from 10%pool of monomeric actin that is bound to ATP. This pool
is maintained in cells by profilin. Therefore we tested to greater than 50% when one mutant allele of th was
added to the hypomorphic chic mutant backgroundthe effects of manipulating profilin protein levels on bor-
der cell migration. Strikingly, overexpression of profilin (Figures 5C–5E). An unusual feature of the defective
migration was that in some cases (13%) the border cellsrescued the RacN17 border cell migration defect nearly
as well as wild-type Rac (Figure 5A). This finding sup- migrated to the side of the egg chamber instead of
through the middle of the nurse cells (Figure 5E). Thisported the idea that the defect in RacN17-expressing
border cells is principally due to effects on actin. is never seen in wild-type egg chambers (Figure 5D).
Also, there were increases in germline cytokinesis de-Verheyen and Cooley (Verheyen and Cooley, 1994)
reported that approximately 10% of egg chambers from fects and overall viability of egg chambers in this geno-
type, compared to the hypomorphic chic allele in theviable females that are trans-heterozygous for partial
loss-of-function alleles of chickadee (chic), the gene that presence of wild-type th. However, migration defects
were no more severe in chic/; th/th egg chambers thanencodes profilin, show border cell migration defects.
We found two different allelic combinations of chic in in th/th, suggesting that the dosage-sensitive gene is
th. Flies homozygous mutant for both loci were too un-which migration defects occurred in 8% and 16% of
mutant egg chambers, respectively. Likewise, th5/th21-2s healthy to analyze.
DIAP1 and Dronc in Rac-Mediated Cell Migration
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Figure 4. th Loss-of-Function Phenotypes in the Ovary
(A) Schematic of DIAP1 protein domains. There are two BIR (baculoviral inhibitor of apoptosis repeats) domains followed by a C-terminal RING
domain. Alleles examined in this study are shown. Bracket indicates the extent of the deletion in the th7 allele.
(B) Summary of phenotypes observed in hypomorphic, homozygous viable combinations of th alleles. ND  not determined.
(C) A stage 10 egg chamber from a th21-2s/th5 mutant female stained with anti-Armadillo. Border cells are indicated (arrow). Scale bar, 50 m.
(D) Table showing the strength of border cell migration defects observed in mosaic clones of the indicated alleles.
(E–H) Phenotypes observed in thl(3)j5C8 mosaic clones. (E) DAPI staining of a thl(3)j5C8 mosaic egg chamber. Scale bar, 25 m. The arrow indicates
the position of the border cells. (E	) High magnification view of homozygous mutant border cells, which lack GFP (green), stained with propidium
iodide (PI, red). Two nurse cells also lack GFP in this egg chamber. Scale bar, 10 m. (F–H) th mutant clones in outer follicle cells. (F) DAPI,
GFP, and anti-hts staining. The absence of GFP indicates homozygous mutant cells, which are demarcated by white lines. (F	) High magnification
view of th mutant follicle cells stained with PI and an antibody against the Hts protein (blue) that labels lateral membranes. The arrow indicates
a cell containing two nuclei (red). (G) Outer follicle cell control clones of the genotype hsflp; FRT80B/ FRT80B GFP (nls) showing clones that
lack GFP but are otherwise wild-type. (H) Mutant outer follicle cell clones of the genotype hsflp; thl(3)j5C8 FRT80B/ FRT80B GFP (nls) that lack
GFP. Rhodamine-phalloidin staining (red) is also shown in (G) and (H). Scale bar, 10 m. White lines mark the positions of GFP-negative cells.
Profilin and DIAP1 Associate with Rac to GST from either control S2 cells or cells overexpress-
ing an HA-tagged form of DIAP1. No increase in thein a Nucleotide-Independent Manner
To determine whether DIAP functions upstream of Rac amount of Rac-GTP was observed following overex-
pression of DIAP1 compared to wild-type cells (Figureactivation, we used pulldown assays to compare the
levels of Rac-GTP (i.e., activated Rac in the presence 6A). Therefore DIAP expression did not appear to stimu-
late Rac activation.and absence of excess DIAP1). Rac-GTP was pulled
down with the RacGTP binding domain of PAK bound Because of the strong genetic interactions between
Cell
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Figure 5. Rescue of RacN17 Migration Defects by Overexpression of Profilin
(A) Quantification of border cell migration following overexpression of the indicated genes in a slbo-Gal4; UAS-RacN17 background. Migration
index (MI) and number of egg chambers examined (n) are also shown.
(B) Border cell migration defects in homozygous viable alleles of chic and th.
(C) Dosage-sensitive genetic interactions between hypomorphic alleles of chic and th.
(D and E) Anti-Armadillo staining of wild-type (D) and chic01320/chic11321; th21-2s/ (E) stage 10 egg chambers. Arrows indicate border cells. Scale
bar, 50 m.
Rac, chic, and th, we investigated whether there might Expression of DIAP1 Enhances the Phenotype
of S2 Cells Expressing Activated Racbe biochemical interactions amongst these proteins. In
pulldown experiments using Drosophila S2 cells, profilin Rogers et al. (2003) recently reported that S2 cells
spread and form actin-rich lamellae when plated on con-was found to be associated with RacN17, RacV12 (Fig-
ure 6B), and RacWT (data not shown). The interaction canavalin A (Figure 7A). To determine whether Rac activ-
ity and/or DIAP1 expression could modify the morphol-appeared to be specific because another small GTPase,
Ral, did not associate detectably with profilin. To verify ogy of these cells, we transfected S2 cells with either
RacN17, RacV12, or -galactosidase as a control. Asthis interaction, coimmunoprecipitation experiments
were carried out. When profilin was immunoprecipitated previously reported, loss of all three Rac genes by RNAi
does not cause a phenotype in this assay (Kunda etfrom S2 cell lysates, some Rac protein was found associ-
ated (Figure 6C). The reciprocal interaction, using anti- al., 2003; Rogers et al., 2003), nor did expression of
dominant-negative Rac (data not shown). However con-profilin antibodies to pull down Rac, was also observed
(Figure 6D). Furthermore, endogenous profilin associated stitutively active Rac caused a dramatic change in S2
cell morphology (Figures 7B–7D). Whereas 95% ofwith GST-DIAP1 (Figure 6E), whereas -galactosidase did
not. We also tested whether Rac and DIAP1 associated control cells showed the typical, round, and symmetri-
cally spread morphology previously described, 20% ofwith each other. When overexpressed in S2 cells, GST-
DIAP1 pulled down both the GTP or GDP bound form cells expressing RacV12 adopted a morphology referred
to as either serrate (Figure 7B) or stellate (Figure 7C),of Rac (Figure 6F), whereas GST alone did not. These
results suggest that Rac, profilin, and DIAP1 physically with multiple F-actin-containing protrusions. Transfec-
tion of DIAP1 alone resulted in the serrate or stellateinteract in a complex.
DIAP1 and Dronc in Rac-Mediated Cell Migration
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Figure 6. Biochemical Interactions between DIAP1, Profilin, and Rac
(A) Rac activation assay. Rac-GTP was measured by precipitation with GST-PAK beads (see Experimental Procedures for details). Rac-GTP
was measured in the presence of excess GDP (GDP), in the presence of excess GTP (GTP), in the absence of any added nucleotide or
protein (
DIAP), or in the presence of excess DIAP (DIAP), which was expressed as an HA-tagged protein. The amount of Rac loaded in
the S2 lysate lane is 1% of that used for each pulldown assay.
(B) Drosophila S2 cell lysates were incubated with GST beads alone or in the presence of the indicated GST fusion proteins and blotted with
anti-profilin. S2 lysate lane contains 10% of the amount used for each pulldown assay.
(C) Immunoprecipitation of S2 cell lysates using anti-Profilin or anti-myc and probed with anti-Rac. (P  pellet; S  supernatant). S2 lysate
input represents 3% of the amount used for the IP.
(D) IP from S2 cell lysates using rabbit anti-Rac antibody or rabbit preimmune sera and probed with anti-Profilin. S2 lysate input is 1% of the
amount used for IP.
(E) GST pulldown of S2 cell lysates (top panel) overexpressing V5-tagged profilin (middle panel) detected with anti-profilin antibody. Control
GST pulldowns of S2 lysates overexpressing V5-tagged -galactosidase (bottom panel) detected with an antibody to anti--galactosidase.
For both experiments, S2 lysate lane contains 10% of the amount used for pulldown assay.
(F) GST pulldown of S2 lysates (top panel) overexpressing V5-tagged RacN17 or RacV12 (bottom panel) detected with an antibody against
anti-V5.
morphology in about 10% of cells. However when DIAP1 with slbo-Gal4. TUNEL labeling was observed in the
border cells, centripetal cells, and posterior follicle cellswas cotransfected with RacV12, this percentage in-
creased to50% (Figure 7D). These results further dem- (Figure 8B). However, no TUNEL-positive cells were
seen when UAS-RacN17 was driven by slbo-Gal4 (Figureonstrate a functional interaction between DIAP1 and
Rac that affects the actin cytoskeleton. 8D). Therefore, border cells expressing dominant-nega-
tive Rac did not fail to migrate as a secondary conse-
quence of cell death. Moreover, th mutant outer follicleLack of Apoptosis in th Mutant Clones in the Ovary
Since the best-known function of th is inhibition of apo- cell clones were TUNEL negative (Figures 8E and 8F),
even 10 days after clone induction.ptosis, we investigated apoptosis in wild-type, th mu-
tant, and RacN17-expressing cells. As expected, wild- The baculovirus p35 protein is also an inhibitor of
apoptosis, which inhibits the downstream caspasestype egg chambers did not show signs of apoptosis at
this stage, using the TUNEL assay (Figure 8). As a posi- drICE and DCP1 (Fraser et al., 1997; Song et al., 1997).
However, overexpression of p35 by slbo-Gal4 did nottive control for our ability to detect cells undergoing
apoptosis, the proapoptotic gene reaper was expressed rescue the RacN17 border cell migration defect signifi-
Cell
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Figure 7. Enhancement of RacV12 Phenotypes by Overexpression of DIAP1 in S2 Cells Plated on Concanavalin A
(A–C) Normal (A), serrate (B), and stellate (C) cellular morphologies observed when S2 cells were plated on con A and stained with rhodamine-
phalloidin. Scale bar, 10 m.
(D) Quantification of cell morphologies observed following overexpression of the indicated genes (n  200 for each experiment).
cantly (MI  8) (Figure 8G), providing further evidence Discussion
that the effect of DIAP1 on border cell migration was
independent of its function in inhibition of apoptosis. A New Function for DIAP1 in Cell Migration,
One caspase inhibited by DIAP1 but not by p35 is the Independent of Its Role in Apoptosis
apical caspase Dronc (Meier et al., 2000), which is the The work reported here demonstrates a new function
Drosophila homolog of caspase-9. To test whether for DIAP1 in promoting cell migration. The strongest
the effects of DIAP were through Dronc, we tested evidence for this is that border cells lacking DIAP1 fail
whether dominant-negative forms of Dronc could sup- to migrate. This finding was surprising since there has
press RacN17 border cell migration defects. Several been no previous indication that IAP proteins contribute
different UAS transgene insertions, driving expression to cell motility. However, in most cells, it would be diffi-
of two different dominant-negative forms of Dronc cult or impossible to uncover a requirement for DIAP1
(Meier et al., 2000), were tested. Expression of either in cell migration because loss of the protein typically
dominant-negative form of Dronc rescued border cell results in cell death.
migration to approximately the same extent as overex- The effect of DIAP1 on cell migration appears to be
pression of DIAP (Figure 8G), although certain transgene through the small GTPase Rac and its effects on the
insertions were more effective than others. actin cytoskeleton based on genetic, biochemical, and
Since the mechanism by which these dominant-nega- cell culture experiments. First, overexpression of DIAP1
tive forms function is not entirely clear, we reduced suppressed RacN17 migration defects specifically and
Dronc activity in a different way and tested for suppres- did not rescue border cell migration defects that were
sion of RacN17 migration defects. Drosophila Dark is due to other causes. Moreover, overexpression of either
homologous to mammalian Apaf-1 and is a constitutive actin5C or profilin, both of which would be expected to
activator of Dronc. Homozygous viable, hypomorphic increase the amount of polymerization competent G-actin
loss-of-function alleles of dark, darkCD4 and darkCD8, have in the cell, also rescued RacN17 border cell migration
been described (Danial and Korsmeyer, 2004; Rodriguez defects. The association of DIAP1 protein with Rac and
profilin in S2 cells together with the finding that overex-et al., 1999). Therefore we tested the ability of these
loss-of-function mutations to suppress RacN17 border pression of DIAP1 could enhance activated Rac’s ef-
fects on the actin cytoskeleton in cultured cells furthercell migration defects. Both alleles suppressed nearly
as well as or better than overexpression of DIAP1. The support the conclusion that DIAP1 affects cell migration
via Rac and the actin cytoskeleton. Additional supportstrongest rescue was observed in flies homozygous for
the darkCD4 allele, which resulted in a migration index of is provided by the finding that overexpression of Rac in
border cells resulted in increased accumulation of30 (Figure 8H). It was somewhat surprising that flies
heterozygous for the dark mutations showed as much DIAP1 protein and F-actin in vivo.
The effect of DIAP1 on border cell migration wassuppression as flies homozygous for the darkCD8 allele
or transheterozygous for darkCD4 and darkCD8 . We attri- clearly independent of its role in preventing apoptosis.
The lack of apoptosis in th mutant follicle cell clonesbute this to the observation that the homozygous dark
mutants exhibited a border cell migration defect such was striking since at other stages of Drosophila develop-
ment, cells fail to survive in the absence of DIAP1. How-that border cells failed to complete migration in 10% of
the egg chambers (n  115). This appeared to partially ever, IAP proteins are thought to play a less critical role
in survival of certain mammalian cells as well, where theoffset the rescue afforded by the decrease in Dronc ac-
tivity. current view is that the balance between proapoptotic
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and antiapoptotic BCL-2 family proteins is the deciding 1999). Yet the yeast genome does not encode an obvi-
ous caspase and yeast are not known to undergo apo-factor between life and death (Danial and Korsmeyer,
2004). The results presented here suggest that DIAP1 ptosis. In C. elegans, there is a BIR domain protein
that does not suppress apoptosis when overexpressed.is not required for survival of every cell and tissue of
the fly either. It may be that in both flies and mammals, Reduction in the expression of this protein by RNA inter-
ference leads to defective cytokinesis and a phenotypedifferent cell types have distinct requirements for partic-
ular classes of survival molecules. that is very similar to loss of the worm formin protein
(Fraser et al., 1999). This is interesting since formin ho-
mology proteins can bind Rac (Westendorf, 2001; Ya-Nonapoptotic Functions for Caspases
yoshi-Yamamoto et al., 2000), stimulate actin polymer-Although the ability of DIAP1 to rescue RacN17 border
ization in concert with profilin (Imamura et al., 1997;cell migration defects was independent of its function
Pring et al., 2003; Pruyne et al., 2002; Sagot et al., 2002b),in preventing cell death, and independent of its inhibition
and promote cell migration (Koka et al., 2003; Yayoshi-of effector caspases, the effects did result from inhibi-
Yamamoto et al., 2000). However it is not known if thetion of the initiator caspase Dronc. The finding that inhi-
C. elegans BIR domain protein interacts with formin orbition of Dronc can rescue RacN17 border cell migration
profilin, or whether it functions downstream of Rac.defects indicates that Dronc activity has a negative ef-
Taken together, these observations suggest that a primi-fect on migration. Since Dronc is a protease, the most
tive function of BIR domain proteins may have beenparsimonious hypothesis would be that Dronc cleaves
regulation of cell division and the cytoskeleton.one or more proteins required for Rac-mediated cell
motility. Previous studies have shown that Rac can be
cleaved and inactivated by caspase 3 in lymphocytes Links between Cell Migration and Survival
(Zhang et al., 2003). Therefore one possibility is that Rac It is well known that growth factors promote both sur-
itself is a Dronc substrate in border cells. A number of vival and proliferation, as well as migration of specific
cytoskeleton-associated proteins are cleaved by cas- cells. For example, Steel factor acting through the c-kit
pases, including actin (Martin and Baehrecke, 2004; receptor tyrosine kinase regulates survival and prolifera-
Mashima et al., 1997). Since we observed reduced pro- tion of primordial germ cells and melanocytes in the
filin levels in th mutant follicle cells, it is also possible mouse embryo (Matsui et al., 1991). In addition, Steel
that profilin is a Dronc substrate, though we did not factor and c-kit may contribute to guiding the embryonic
detect increased accumulation of actin or profilin in cells migrations of these two cell populations. Conversely,
overexpressing DIAP1. Further study will be required to overexpression of a factor that functions in repulsive
pinpoint the physiologically relevant Dronc substrate in guidance of Drosophila primordial germ cells causes
border cells. excessive germ cell death (Zhang et al., 1996, 1997). This
The observation that two different dark mutant alleles intimate relationship between guidance and survival
caused mild border cell migration defects suggests that may exist to ensure that only those cells that migrate
Dronc, which is thought to be constitutively active at a to the appropriate location survive and proliferate.
low level in most cells (Muro et al., 2002), contributes Rho family GTPases have also been demonstrated to
to normal migration. In fact, caspases have been shown affect both migration and survival. By activating gene
to function in cell proliferation and differentiation in a expression through the JNK pathway, Rac1 protects
variety of cell types, in addition to their better known role COS 7 cells from apoptosis induced by ultraviolet light
in promoting apoptosis (Schwerk and Schulze-Osthoff, (Murga et al., 2002). Rac is also required for survival of
2003). In some cases, caspase activity is required for cerebellar granule neurons (Linseman et al., 2001). Another
terminal differentiation events that resemble incomplete pathway required for both cell survival and Rac-mediated
apoptosis. For example, terminal differentiation of Dro- cell migration is the phosphatidylinositol 3-kinase path-
sophila sperm requires removal of much of the cyto- way (PI3K). Activation of PI3K, and its downstream ef-
plasm and requires caspase activity (Arama et al., 2003; fector Akt, is capable of promoting neuronal survival in
Huh et al., 2004). Similarly, differentiation of mammalian the absence of growth factors (Scanga et al., 2000). Akt
lens cells and erythrocytes requires caspase activity. is also essential for Rac-mediated motility in mammalian
Other differentiation events, such as those of macro- fibroblasts. Akt is activated by Rac, and phosphorylated
phages and skeletal muscle, do not overtly resemble Akt colocalizes with Rac at the leading edge of fibro-
apoptosis and yet require caspase activity. There must blasts (Higuchi et al., 2001). Therefore, there are several
be some mechanism in such cells, and in border cells, biochemical pathways that control, and possibly coordi-
to restrict the caspase activity to selected substrates nate, cell survival and cell motility.
so that apoptosis does not occur. The mammalian formin homology protein FRL func-
tions as a survival signal, in addition to its role in Rac-
mediated regulation of the cytoskeleton (Yayoshi-Yama-Nonapoptosis-Related Functions
for Proteins Related to DIAP1 moto et al., 2000). Overexpression of a truncated form
of FRL, containing only the N-terminal Rac binding site,DIAP1 is a member of an evolutionarily conserved family
of proteins that contain BIR domains. BIR domain-con- results in inhibition of cell growth and apoptosis in the
macrophage cell line P388D1. These lines of evidencetaining proteins are found in organisms from yeast to
man and seem to have arisen in evolution prior to the support the view that regulation of the cytoskeleton and
cell survival are intertwined. The present study demon-apoptotic machinery. For example, in yeast, BIR1p is a
protein required for proper chromosome segregation strates that the inhibitor of apoptosis proteins, well
known for their role in cell survival, can also promote celland cytokinesis (Uren et al., 1999; Yoon and Carbon,
Cell
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lysis. Cells were lysed in RIPA buffer (150 mM NaCl, 1% NP40, 0.5%migration, thus demonstrating a new and unexpected
Deoxycholate, 0.1% SDS, 50 mM Tris [pH  8.0], 0.4 mM EDTA)molecular link between survival and migration.
plus protease inhibitor cocktail (RocheTM complete) and spun at
5000 g to pellet cellular debris. Supernatants were incubated withExperimental Procedures
fusion protein bound to GST beads for 1 hr at room temperature
and washed four times with buffer. Western blot analysis performedDrosophila Genetics
as previously described (Geisbrecht and Montell, 2002). PrimaryFly culture and crosses were performed according to standard pro-
antibodies used were rabbit anti-HA (1:500) (Sigma), mouse anti-V5cedures at 25C, except where indicated. Fly stocks were obtained
(1:5000) (Invitrogen), mouse anti-profilin (1:100) (DSHB), and mousefrom the Bloomington Stock Center, with the following exceptions:
anti--galactosidase (1:2000) (ICN). Secondary antibodies usedUAS-Trio (D. VanVactor); UAS-DIAP1 (J. Nambu); UAS-DIAP2 (J.
were either mouse or rabbit anti-HRP (1:10000) (Amersham Biosci-Nambu); UAS-DN-PVR (P. Rorth); UAS-chickadee (L. Cooley); th5,
ences).th6B, th7 (K. White); th4, th21-2s (H. Steller); and UAS-reaper (J. Nambu),
UAS-Dronc-DN (P. Meier), and darkCD4 and darkCD4 (J. Abrams). The
ImmunoprecipitationsRac mutant stocks were a gift from Liqun Luo.
S2 cells were lysed in RIPA buffer with protease inhibitor cocktailMutant follicle cell clones were generated using the FLP/FRT sys-
(Roche CompleteTM), spun at 5000  g for 5 min and filtered throughtem. An X chromosome hs-flp was used to generate clones and
glass wool. Extracts were incubated with primary antibody for 30 minthey were marked using ubi-nlsGFP. Females were heat-shocked
before the addition of 25 l protein G beads (Pharmacia) for 1 hr atfor 1 hr at 37C, 3 times a day for 3 days, and dissected 3–10 days
room temperature (RT). Beads were washed four times in bufferafter the last heat shock.
prior to SDS PAGE analysis and Western blotting. Primary antibodies
used were rabbit anti-Rac (1:100), rabbit anti-myc (1:5) (DSHB),Whole-mount Stainings
mouse anti-V5 (1:100), and anti-HA (1:50).Ovary dissections from adult female flies were performed in Grace’s
medium supplemented with 10% fetal calf serum. -galactosidase
staining and immunofluorescence staining were performed as in Bai Rac Activation Assay
et al. (2000). Primary antibodies used were rabbit anti-Rac (1:500) S2 cells were lysed in Mg2 lysis buffer (25 mM HEPES [pH  7.5],
(L. Luo), rabbit anti-GFP (1:3000) (Promega), mouse anti-profilin 150 mM NaCl, 1% NP40, 10 mM MgCl2, 1 mM EDTA, 2% glycerol)
(1:10) (Developmental Studies Hybridoma Bank or DSHB), mouse and spun for 5000  g. Extracts were incubated with GST-PAK
anti-Fas III (1:1) (DSHB), mouse anti-Hts (1:10), rabbit anti-DIAP1 beads for 1 hr and washed four times in Mg2 lysis buffer before
(1:200) (gift from B. Hay), and mouse anti-Armadillo (1:100) (DSHB). Western analysis. For controls, either GDP or GTP was added to
Secondary antibodies used at 1:400 were fluorescein (FITC) conju- extract for 15 min at 30C and loading was stopped with the addition
gated horse anti-mouse and FITC-conjugated donkey anti-rat (Mo- of MgCl2 before addition of GST-PAK. Anti-Rac also recognizes a
lecular Probes). 0.5 mg/ml DAPI (Sigma) and rhodamine-phalloidin background band above the Rac band, as seen in Figure 8A.
(Molecular Probes) were added with the secondary antibodies. Pro-
pidium iodide (Molecular Probes) at 1.0 g/ml was added with the
S2 Cell Culturesecondary antibodies after 1 hr treatment with RNaseA.
Transfections were performed using Effectene (Qiagen). ProteinsThe cDNA GH15335 (Research Genetics) was used to confirm
were induced overnight with 500M CuSO4 and plated on coverslipsoverexpression of thread. Mouse anti--galactosidase (Promega)
coated with 0.5 mg/ml con A for 1 hr. Cells were fixed for 10 minand the HRP anti-mouse secondary antibody (Amersham Biosci-
with 37% formaldehyde, washed three times with PBT (0.1% Triton),ences) were both used at 1:500.
and blocked for 30 min in PBT  5% NGS. Primary and secondaryFor TUNEL labeling, egg chambers were dissected and fixed in
antibodies were incubated for 1 hr in block before washing three4% formaldehyde in PBT plus an equal volume heptane for 20 min.
times with PBT. Primary antibodies used were mouse anti-V5 (1:200)Fix was removed and samples were incubated in 20 g/ml protein-
and anti-HA (1:200).ase K (in PBT) for 15 min. Samples were washed with PBT and
developed according to the protocol included in the In Situ Cell
AcknowledgmentsDeath Detection Kit (Roche). Egg chambers were then washed three
times in PBT and mounted in halocarbon oil.
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subcloned in-frame into the pMTIZ/V5 vector (Invitrogen). HA-DIAP
Arama, E., Agapite, J., and Steller, H. (2003). Caspase activity andwas obtained from Kristin White.
a specific cytochrome C are required for sperm differentiation in
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S2 cells were cultured and transfected using standard CaCl2 proto- Aspenstrom, P. (1999). Effectors for the Rho GTPases. Curr. Opin.
Cell Biol. 11, 95–102.cols. Proteins were induced overnight with 500 M CuSO4 before
Figure 8. Lack of Apoptosis in th Mutant Clones
(A–F) Low magnification views of stage 10 egg chambers. (A) A wild-type (WT) egg chamber stained with DAPI. Scale bar, 50 m. (B–E) TUNEL
labeling of egg chambers to show apoptotic cells in the following genotypes: (B) slbo-Gal4; UAS-reaper. The arrow indicates the position of
the border cells, arrowheads indicate centripetal cells, and the line indicates posterior follicle cells. (C) Wild-type, (D) slbo-Gal4; UAS-RacN17,
(E) hsflp; thl(3)j5C8 FRT80B/ FRT80B GFP (nls). (F) GFP fluorescence of the egg chamber shown in (E). (E and F) Cells lacking GFP are outlined
in red and are homozygous mutant for th.
(G and H) Quantification of border cell migration following overexpression of the indicated genes in a slbo-Gal4; UAS-RacN17 background.
Migration index (MI) and number of egg chambers examined (n) are also shown.
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